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EXPERIMENTS WITH ROAD-MIXES AND 
SURFACE TREATMENTS IN CALIFORNIA 


Reported by T. E. STANTON, Materials and Research Engineer, whe AD arab hen California, and J. T. PAULS, Senior Highway Engineer, U.S. Bureau 
of Public Roads 


IQUID asphaltic materials of the slow-curing type 
have been used extensively in the Western ‘States 
during the last few years in the construction of the 

road-mix or mixed-in-place types of surfaces. In general, 
they have given satisfactory results in the arid and 
semiarid sections. Howev er, these materials have not 
been entirely satisfactory in the more humid areas or 
with certain kinds of aggregates, and a need has been 
felt for some experimental work to determine the limi- 
tations of the materials and to obtain information as to 
other materials and methods of construction which 
might be used to better advantage under these special 
conditions. 

The series of experimental sections described in this 
report included a wide range in the features com- 
monly involved in the construction of the road-mix and 
surface-treatment types. 

The experimental sections were built during 1929 and 
1930 by the division of highways, California Department 
of Public Works, in cooperation with the Bureau of 
The 21 sections cover a length of 
10 miles on U.S. 30, beginning at the California-Nevada 
State line and extending southwest toward Truckee. 


EXPERIMENTS COVERED A NUMBER OF TYPES OF CONSTRUCTION 


The experiments are grouped with respect to the 
type of construction and materials used as follows: 

1. Road-mixes of crushed stone and gravel aggregates 
with different types and grades of bituminous materials. 

2. Surface treatment of road-mixes. 

3. Surface treatments on a traffic-bound stone base 
course. 

The location of the different experiments and the 
details of their construction are given in tables 1 and 7. 

The road on which the experimental sections were 
built had been graded and drained and surfaced with 
selected soil containing some granular material. In 
the summer of 1927, following this construction, an 
oil-mixed surface from 2 to 3 inches in thickness was 
built using local aggregate. On the westerly 3 miles 
a crushed red volcanic ash was used in the surface mix 
and this surfacing failed extensively. The remaining 
7 miles, on which crushed granite had been used, was 
in better, condition but, in general, failure had devel- 
oped on the whole project to such an extent that recon- 
struction of the surface was necessary at the time the 
experiments were begun. Figure 1 is an illustration of 
a condition typical of the old surface. 

The road is in a section where the climate is severe 
and the moisture conditions are unfavorable. The av- 
erage elevation is more than 5,000 feet and the range in 
temperature is from about 95° F. above zero to as low 
as —30° F. Considerable snow hes on the road until 
late in the spring and, as the road is located largely in 
heavy sidehill cuts, the moisture conditions during 
winter and spring are particularly bad, due to the 
heavy flow of water and sliding of earth which occur 
at this time of year. Figure 2 shows a typical condi- 
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tion during the spring. Yearly traffic counts over the 
period from 1929 to 1933 show a daily traffic on week 
days of 1,300 vehicles and as many as 3,500 vehicles are 
counted on Sundays. 

Subgrade samples were taken at intervals under the 
edge of the old surface and the results of analyses are 
given in table 2 

The experimental sections were each approximately 
one-half mile in length, with the exception of sections 
Lie? andes, which were one-third mile. Sections 
were numbered from east to west beginning at the 
State line and ending with section 21 at the west end of 
the project. The surface was made 20 feet wide in all 

cases and the compacted thickness of both the road- 
mix surfacing and also the traffic-bound stone course 
for surface treatment was 3 inches. 

As a basis for correlation of data obtained on mate- 
rials, methods of construction, and service behavior, 
two observation or test points were selected in each 
section, approximately 700 feet from each end. The 
locations of these points were marked in the field by 
3- by 3-inch painted posts and identified by the num- 
ber of the section and the letter A if near the easterly 
end, and B if near the westerly end. At these points 
samples were taken to determine the condition of the 
old surface and the character of the subgrade soil. 
Immediately prior to applying the bituminous mate- 
rial the aggregate was sampled to determine the mois- 
ture content and the mechanical analysis. Samples of 
the surface mixture were taken at these locations dur- 
ing compaction and at several intervals thereafter. 
Results of tests on these samples to determine the 
bitumen content, grading, and stability are given in 
table 3. Wherever the right or left portion of the 
roadway is mentioned in the report the reference is to 
the right and left of an observer facing in the direction 
of the stationing oa the beginning of the project. 

Except for the %- to %-inch stone, the crushed stone 
used was produced locally at a roadside crushing plant 
shown in figure 3. The local material was a highly 
weathered eranite, friable and very light, the crusher- 
run material weighing only about 2 300 pounds per 
cubic yard, and the open-graded material weighed 
1,970 pounds. The %- to \-inch stone was the same 
type of material but of somewhat better quality and 
was shipped in by rail from Oroville, Calif. The fine 
material, known locally as muck sand, which was 
added to the aggregate on several of the sections to 
increase the percentage passing the no. 200 sieve, was 
shipped in by rail from Sacramento. Washed gravel, 
1 to inch in size, and crushed gravel ranging from 
%s-inch to dust, were obtained from Fair Oaks, Calif. 
Combinations of these sizes were used on the road-mix 
sections and satisfactory mixing was obtained by depos- 
iting the materials on the subgrade in the proportions 
of 25 percent of the coarser uncrushed gravel to 75 per- 
cent of the finer crushed gravel and blading it in 
windrows. 
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TaBLE 1.—Materials used on road-mix experimental sections. All sections were surfaced with 3 inches of compacted material placed 
in 1929 and seal treatments were given to some sections in 1929 and 19350 
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YPE AND E USHED: 511 CRUSHED STONE, | 75 PI %eINCH ' H INCH TO DUST Ne 5 
Teak OF Sinentto DUST’ Fincu to Dus” S INCH To DUST 10 us, 28 peace wt 27 PERCENT yiNcH cr ying wit 8 PERCENT inch to bust” white 57 PERCENT vi. 4 PERCENT 70g ace Sine To 4 INCH 65 Fac 
== Ae — = 
: 3 a8 = See |2 5s 23° 2 Seg aoz 
: fl # |S! ERS Ip 2aog | 3 
Bes) wee teu [sto | dee |*28 £223 "SE 
2 sz} 22 | 538 (885/358 |e: eee 3353 2 
2 2549 a6 ae ; je@cz ESo ose BEG 2.92 2 
Se 88S ER | 0588 [igs | 2088 bes e388 ae 8 
$2 [g233] 5g | 8288 [Fes | 2253 5, Bat Bee Fe 
gs feces] 228 | $2 [82% | S22= F2 sere 4235 : 
=e  [SZec] 28> | gees [3983] Sez Sad 2083 ae 3 
| 58 goes] 822 e2s= [2528 2232 [se Bead gzse % 
J. 1 - 
06+23 31 3 331+09 340+89 349+69 361+39 387 +82 414425 440+ 67 467+ 07 493+47 S$20+55 6 +70° 33+10 59+50 * 65+69 
326 +13 345+79 357+49 7 
TABLE 2.—Results of tests on subgrade soil samples 
Mechanical analysis ! Physical characteristics of material passing no. 40 sieve 
° fee. Moisture 
Particles smaller than 2 millimeters equivalent 
Section and location. |(_Uaucles | ee eee fo a Soil group 
ee me Liquid |Plasticity| Shrink- | Shrink- 
milli- Coarse sand, 0.25 Silt, 0.05 | Clay, less} Colloids,| limit index | age limit} age ratio : 
t sand, 2 to to 0.05 to 0.005 |than 0.005] less than Centri- Field 
meters | 0.25 milli-| “iy;° | milli: | milli- | 0.001 mil- fuge 
meters meter meter meter limeter 
Percent | Percent | Percent | Percent | Percent | Percent 
1 WAS Se oes ee cee: 44 52 30 14 4 22 5 18 1.8 15 18 | A-2, plastic. 
Bos 22 ee 27 42 32 19 7 1 36 16 19 1.8 34 25 | A-4. 
Dh 2. See SS aoe ee 42 60 23 14 3 2 20) been ee ee oe ee ees “14 19 | A-2, nonplastic. 
Bes eee te eee 42 60 28 10 23) ee 23 5 20 Have 17 20 | A-2, plastic. 
baie, Seyces Se a ed 39 53 29 | 15 3 2 23 Silesaese eee | eee 17 21 Do. 
AS eo ee pe ae yates 51 41 30 23 6 2 31 11 21 i 7 28 25 | A-4. 
AAR 2 SES 5 Oe DS Re ee 39 62 22 13 3 2 26 6 19 ieee 19 22 | A-2, plastic. . 
12 Wied) eh da 3 A gee 46 41 33 20 6 2 39 17 19 ies 33 30 | A-7. 
6; Alo 2 eeseecre se 28 37 27 14 13 6 38 16 18 1.8 35 29 Do. 
Bie ee ete eee 50 54 26 14 6 2 31 10 21 TMG 23 26 | A-2, plastic. 
Os Al eee eee oe 14 51 26 18 5 1 24 4 | eee 16 22 Do. 
ee ee eee ee BL 45 31 14 10 4 29 5 21 1,7 23 26 Do. 
! ie ee eee SES Ae 26 34 35 24 ve 1 29 9 21 eG, 25 25 Do 
Bae wee 39 28 38 21 13 5 32 11 22 TSG, 24 26 Do 
SHAS Se eo ee eee 40 35 35 22 8 2 27 6 22 VEY 22 24 | A+ 
Bee eee ee ee 41 22 41 25 12 5 36 14 21 7 32 30 Do 
Aine See ee eee 30 38 28 27 if 1 39 19 20 Rye 33 30 | A-7. 
| 3 Ra Rs Sei ee Fey 24 47 35 15 3 1 26 6 22 see 45 23 | A-2, plastic. 
1055 5 ee ee 30 51 30 16 3 it 23 4 22 Ley ( 19 21 Do. 
BSS eee 29 20 17 33 30 13 52 23 26 1.6 49 43 | A-7. 
LS yAls oe ee ee eee 24 38 29 23 10 3 35 15 19 rez 32 27 | A+. 
12 oa ee ee, ee 45 27 24 34 15 5 46 19 23 1.6 48 39 | A-7. 
LS 2a eee ee 38 23 24 42 11 2 37 12 20 7 41 29 | A-4. 
1 rial 5 Remeer eRe et WS 43 35 33 20 12 5 us pelea 3 RE Be teal Ea Sa 17 22 | A-2, nonplastic. 
16) Bowe ae te ee 39 38 42 13 vf 3 DO ee awe ed ese oe eee re 15 22 Do. 
A; oceans ase ee 26 28 36 23 13 5 23 3 22 1.6 26 24 | A-4, 
AS ee ee 2 ee 27 2 31 24 18 8 27 8 24 1.6 30 27 | A-4. 
me ANS Res RS doa 37 49 35 11 5 3 PY fal a eee a WO eae SE Sl fe a ot Se 23 29 | A-2, nonplastic. 
i ie Ne ete of pee ee 28 25 31 23 21 8 31 Wd 27 1.6 39 31 Do. 
DU eA ee ek ee sas 4 17 25 28 30 16 51 27 17 1.8 56 39 | A-7. 
bs a ee nee pe! | 37 24 32 23 21 13 27 tf 74 | Aer) 27 22 | A-4. 
SL nee oe eee See 46 11 24 39 26 11 48 17 34 1.4 58 41 | A-5. 
Bose ee ete one 2 4 18 49 29 8 69 27 33 1.4 78 58 Do. 


! Particles above 0.074 mm in diameter by sieve method; particles below 0.074 mm in diameter by the hydrometer method. 
GENERAL METHOD OF ag RE BE ROAD-MIX SECTIONS now generally advocated. The approximate Saybolt- 
Furol viscosity values have, however, been included in 
The road-mix type of construction was used on sec- | the tables to facilitate comparison with present grades 
tions, 1 to 13, inclusive. The bituminous materials used | of asphaltic materials. 
on these sections included slow-curing oils of 60-70 and| With the exception of the 70-80 slow-curing oil, the 
70-80 asphalt content, medium-curing kerosene cut | consistencies of the liquid asphaltic materials used in 
backs of 94+ asphaltic oil and of 110-120 penetration | the road-mix sections, expressed as specific viscosity, 
asphalt, and emulsions of 95+ asphaltic oil and 110-120 | Engler, at 122° F., ranged from 64 to 100. In terms of 
penetration asphalt designated as 95-+ M, 95+ L and | Saybolt-Furol viscosity, the range is from 255 to 400 
110-120 M, respectively. Analyses of the bituminous|seconds. For the medium-curing cut-back materials, 
materials are given in tables 4 and 5. Tests on these | 20 to 25 percent of kerosene was required in the manu- 
materials were made according to the methods used at | facture to soften the base asphalt to the required con- 
the time of construction and are therefore not those | sistency. 
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Figure 1.—Typicat CONDITION OF THE OLD SURFACE AT TIME 
OF CONSTRUCTION. 


The bituminous materials were delivered in tank cars 
which were heated to about 100° to 150° F.; the asphalt 
was pumped into tank trucks and hauled to the job. 
A detachable pressure distributor was used for spread- 
ing. 

The aggregate was hauled in trucks and dumped in 
two windrows, one on each edge of the roadbed. The 
correct amount of aggregate was obtained by measuring 
the loads at the place of loading and spreading them 
over measured distances on the road. On those sec- 
tions requiring the addition of fines, the procedure was 
to add this material to the top of the windrows and then 
mix the two together before applying the oil. The 
grading of the aggregate was determined by frequent 
sampling and testing at the loading plant and by later 
tests on the material in the windrows immediately 
before applying the oil. The amount of fines or filler 
to be added was determined from frequent mechanical 
analyses of the aggregate at the loading plant. 

A typical erading of the fine muck-sand added to 
the crusher-run aggregate on a number of the sections 
to increase the percentage of material passing the no. 
200 sieve was as follows: 


Screen or sieve size: Percent passing 


PAUL TCL ee en ans EE ee gee ee TA 100. 0 
IN Cnn () ep ee ee Se ee a eg Se 99. 7 
NIG sc) See ce ce ee ee a 99. 0 
INO 0) eee ee Se eee re ee eee! we oe 98. 7 
NORE O peeeetaes seer tee co gee Se A ee 98. 0 
INO () ee eee ee ene ee ee es 2 C752, 
INOS) se ee ameeeetateter OE Oe I Oe ees wh eS 89. 4 
IN One eet Sree sec a eee ee ey tS NE 82. 0 
IN Oasis eee ere ee Sa ee ee ce SYS 
The amount of bituminous material required was 


determined largely from the appearance of the mix, the 
erading of the aggregate, and the results obtained dur- 
ing the progress of the work. The detailed descriptions 
of the sections show the grading of the aggregate and 
the amount of water determined at the time of mixing. 
Table 3 gives additional information from tests made 
on the mixes at different intervals following the con- 
struction. Comparisons, of the amount of oil used and 
that required according to various formulas based on 
the grading of the aggregate can be made from the 
data in table 6. 

Prior to adding the bituminous material, one windrow 
of aggregate was moved to about midway between the 











Fraure 2.—DuRING THE SPRING, Stipes CausED Poor DrRain- 
AGE AT NuMBROUvS POINTs. 





Figure 3—Tue RoapsipE CRUSHING PLANT CONSISTING OF A 
JAW CRUSHER AND A GYRATORY CRUSHER. 


edge and the center of the roadway and spread to a 
width of approximately 10 feet. The oil was then ap- 
plied in three applications and disked in after each 
application. After the last application of oil, the ma- 
terials were mixed with blade machines, using the 
usual turn-over method, until the aggregate had a 
uniform coating. It was then left in a windrow at the 
edge of the road and the same procedure was followed 
on the opposite windrow, after which the 2 were com- 
bined and mixed again 5 or 6 times to insure uniformity. 

In the construction of those sections where emulsions 
were used it was found advantageous to blade the ma- 
terial into a windrow following each application of oil 
and subsequent disking. Blade machines were used, 
one on each edge of the material, each turning tow ard 
the other, followed by a third machine which flattened 
the windrow thus formed in preparation for the next 
application. The arrangement of equipment is shown 
on the cover page. 

Upon the completion of the mixing process the ma- 
terial was windrowed to the center of the road and 
spread by blading toward each edge. After spreading 
to the full width, a light power ‘grader was used to 
smooth and maintain the surface. 
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TaBLE 4.—Analyses of bituminous materials used on various sections (asphalt emulsions excepted) 


























































































110-120 penetration 60-70 pS 60-70 60-70 
ST ROG BNW DS Ol TOStOn IN sce oa Sao nn opm ac aon epee eeu nseinaen ee pe Se asphalt cut back with | slow-cur- ake aie Cur | slow-cur- | slow-cur- Gh hae Pee ta 
kerosene ing oil 8 ing oil ing oil 8 
Seal on 
ss Nix ane : Mix on | Mix on secs. 4 | S°¢. 5, Mix on | Mix on secs. 7 
ETO Mn cute Wile USCC. a pen ena se come ace ae see sem ewe nnn n enna ene Mix on sees. 1, 2, and 10 a8 rae ae ae Bia 
and 12 
Specific gravity at 25°. Cah Cy eee eee nw. Al ee ie eee es 0.970 0. 965 0. 965 0. 968 0. 968 0. 968 0. 969 0. 968 0. 975 0. 979 
Flash point, (SOROS Ot eI Sa 2 ae? OE ein ee ee oe ee 79 80 77 143 142 145 149 142 17 166 
Specific viscosity Engler BUCO, en ae oe ene hee eg eee eas tte ee ae 78.9 72.7 81.0 64, 2 75.7 79.1 82.5 6904 lace ofa 
APVLOKIMaALe HaAyDOlb-HUTOlAGOU~ C).,SCCONUS. 2022 ena ee eee ee eee 315 290 325 255 305 315 330 221 [epee eee Wea ee 
Specific viscosity OEIFED Te eh all CO cae pate a cane an ic Daa Pu eS ge Ee a | ee Ng ee eS See cece ee 9.3 13% 
CS DNSISN RSS rus NT Chase cimy eats Ss eid Ae Re oS ee a ec ee ee rece ee |e SS A ee es et eee) |e 2 a eel (eee ee 32. 4 45 
Loss 163° C., 5 hours, BHOCENTIMOELEIS pel Cele stmee semen s sae oe ae oat 13.28 | 14.00; 13.00 6.5 11.0 10.2 9.5 6.6 1.9 1.9 
Float on residue at 50° CG; © ORT, Cie OS Big iyi PS a ari 75.8 89 78 25. 2 28. 4 28. 8 29.7 25. 4 40. 4 49.6 
Loss at 163° C., 5 hours, 20 centimeters, DOLCON eae eee eae tee ese ere ee 17.39 18.6 17.8 9.2 14.5 14.0 12.5 9.7 2.7. 2.8 
Float on residue at 50° Oe SeCOndS =. Hees ce scien seen peace eee eee 153. 6 207 188 35.8 35.4 34.8 39. 6 35. 2 41.8 53 
BOnoIe 1 Ons, DELCO Le ee ae” tee ee ee Me Se enh S 99.79 | 99.82] 99.88 99. 7 99.82 | 99.80 99. 82 99.81 | 99.88 99. 82 
OreanioadaLverinsolupie Dorcel ane a= saa s: =e sae Ca ee eens adhe} “ell sali! 18 lt 18 14 .16 ah 16 
(Dave genet Cos aats yn tevems bels(a) kb Les Copan O12) gt, =) 0 a eee ee Se, fs Sey eve ee . 03 05 01 03 01 . 02 . 04 . 03 .O1 . 02 
Bitumen insoluble in 86° B. naphtha, percent 8. 05 8.93 9.71 3. 87 3. 03 4.17 4,44 4, 29 3. 61 6. 47 
Residue of 100 penetration, percent ES eS a ny See 75.3 76.2 15. ¢ 61.0 60.9 61.7 65.4 61.8 72.7 77.2 
Penetration on residue at 25° C., 100 centimeters, 5 seconds 103 112 102 109 104 113 112 89 89 92 
Penetration on residue at 0° C. 200 centimeters, 60 seconds-..--.-.*._..+-_.--- 19 25 22 23 20 27 21 19 17 19 
DPOelinemeint Ol FOSIGUe, {Os eae. See eee eee 2 eee sa 44,2 44.4 46. 2 44.4 42.6 39.8 46.0 45, 2 45.6 45.4 
IDUCHiLy OL residue AL eo. Cr. ConblineG lelS =. ey ee ea ee ee 110+ |} 110+ } 110+ 110+ | 110+; 110+ 87 110+ | 110+ 110+ 
Ductility of residue at 1.5° rs COTINOLATS aerate seem ee ate eee ere 7.0 5.2 4.6 11,8 ye: HOM 11.6 22 6.0 1.8 
110-120 
94+ asphaltic penetration! 150-200 Bey 
2 : A 50-60 slow-| asphalt . | 94-+asphal-| asphalt cut | 50-60 slow- | 50-60 slow- 
Birnie ond ype Of WiAterill - ase 2, 2 aa = = es nan eran oe 2 paca curing oil | cut back ie tie oil back with | curing oil | curing oil 
with kero- Dp naphtha 
sene 
Priming on | Priming on Surf. Surface Surfs Priming on 
; Mix on secs. 9 | left lane of |right lane of| ,°Ut2°°. | treatment uriace | | Priming on| secs. 18, 19, 
How and where used.------.-----------------------~---+---------- and 10 secs. 14, 15, | sees. 14, 15, oy on secs. 15 a sec. 18 20, and 21 
1ovandslralme wand trp ses and 16 Se 
BCCHIG Ua VIGWIOht2 sAGn. ate ee ee eee ano eee ed ou ee Lee 0.971 | 0.966 0. 945 
Flash point, C.O.C., °C__-__---.- ee ee a se Pee 88 85 117 
Specific viscosity Engler Atop uOns sea eee eee eee ease 100. 2 92. 2 18.8 
Approximate Saybolt-Furol at 50° C., seconds__----_-.--.---- JAE 400 370 75 
OR LOS YAU LOU ce Cres CCOL CSc ee me ee ae ree aan Se Ee eee eg sae |p os oe ree ee oa 
BONA uON At rZosLO rt OD Con uLMOLeLS Wo SeCONUS sss see eee eee ee eae eee aE e e e UL Ee Lo 
Softening point, aC een ence ne ea he I See See |e ee Os Pale err eT aed 
PTC ulLnveth CO mer COLIN CUR ssemeea meee ee name ae Ee en aoe ae ce esee an |le ee eear a= (Ge occ os aces 
Loss 168° C., 5 hours, 50 centimeters, POLCEN ieee een et se 12.6 12.9 8.4 
Pereremion puivesiduser soe ©. Re ees a a ee ee 
HUIpAL On TesidUe ato. ©.5 SCCONUS=. ee saan Se ere ee 114 105 22.8 
Loss at 163° C., 5 hours, 20 centimeters, POLCOM Ss sae cee ee 15.4 16. 0 12.9 
POMELEAUIOUON TOSI GIEO QU 220 ois ete ee es eee ete er ree OA A oe ee ee eo sce ea es 
Mioationresidtie at.50% Or seconds 522225 2b oe ee 202 192 49, 2 
SOLO ON HEC Sa DOLCOD lesen a oe ree ee ee ee ee 99.87 | 99.90 99. 88 
Oreaniganarter Insoluble; percent. 25.c222- 52 -- Se ee 0 . 08 mod 
Inorganic matter insoluble, percent..._--.._-..--..-..---.=----.--2 . 03 . 02 . 05 
Bitumen insoluble in 86° B. naphtha, percent A etre 9. 85 5. 45 
Residi0,0101 UO. Penetration, percent .o-te eee sa oeee ee ee ee 76.8 76.5 58.8 
Penetration on residue at 25° C. 100 centimeters, 5 seconds_--__ 98 87 94 
Penetration on residue at 0° C, 200 centimeters, 60 seconds--__-_- 17 16 23 
MoLening DolntOLresidte,; oO sake ens we ee ee ee 45.4 45 44.8 
Ductility of residue at 25° C., centimeters_.....__..........._- 110+ 110 86 
Ductili_y of residue at 1.5° C., centimeters.__..__.-.....---__-- 4.0 4,2 4.0 




















1 Material did not pull to a thread. 


TABLE 5.—Analyses of typical asphaltic emulsions used on the various sections 










































ATG Oceet ese ree ee teen ie con ee ten: ee Me et eee cea ew 95+L | 95+M | 954+12)] 94412 | 90-95 L3 |110-120 M!| Standard! Standard 
: Surface 
Mix on Surface . 
: Seal  |treatment Surface 
sec. 13 Mix on z treatment os Surface 
Io wennawnercrtised se eee mane Mens eee oe ee he and seal | secs. 11 tt Bee mee HA on left ee ey tr oa treatment 
on secs. | and 12 and 3 Bane a lane ae apand 91 | On Sec. 21 
12and 13 aed 15 sec. 18 
DPCM PT MLUVRE COR OO Wao. ei nn eer See re eee epee = Soke ek Se 1.008 TSO097 Eee es 1.009 1.006 1.010 1.007 1.011 
Specific viscosity, Engler, TERPSTRA GPa ae 2 OY tS het ee Oe Ee eee coe Sp ire Bd oe ere oe ah | iN ee ae 2.8 2.9 1.9 Tayi 2.7 
Distillation to 260° C.: 
Water, percent by Poh eas one ae ae sees. ed ee ane 41.9 40.1 48,4 42.8 42.4 50.9 43.2 42.3 
SOIL DAPCOn by WOle DO eee tore eee RN E nent eee tere Ree eee ee Se ei | || at teed PES Anh Trace 2 Trace - 05 
MOSITHOs POLCONtDYy Wels Nhe - ae eee ee RA ee ee Sak 58. 0 59.8 61.6 57.1 57.6 48.9 56.8 57.7 
Tests on residue: 
DOCG OTE UU re cnicy ce) seen ee Oe ee Oe ire eeepc es en 1.012 1 020s 1.014 1. 009 1.017 1. 008 1.012 
PPENSTATLONY AGL CO > eee en LE ee A ee ee eto 126 110 148 202 234 98 142 154 
Sigveribetay cy bn ipeed Cie. Got ee eS | ee eee be eee 41.6 BS eee Se 42.4 35.6 48.8 43.8 44.4 
iWyote adi stacy AV. Seat Op le Se SE = SS ese eee 79 AT ANS ee ee >. 110+ 81 50 92 110+ 
Bitumen soluble in CS2, percent _------_---_-_-- 99. 04 OL: Si; yee soe 96. 67 98. 05 94. 69 99. 00 98. 73 
Organic matter insoluble, percent . 05 oe eS ee aRY . 65 2. 54 .18 44 
Inorganic matter insoluble, percent 91 ye ee 2.96 1. 40 2.77 . 82 . 83 
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TaBLE 6.—Amounts of bituminous material used on the different road-mix sections (exclusive of seal coat) and the amounts indicated by 
various formulas 



















Average | Amount of bituminous ma- 
amount terials required according 
of bitu- to various formulas ! 
Secti Calculated amount of bitumen exclusive of solvent Lae Remarks on richness of the mix as 
vor and water in mix (percent) ?3 ee ms indicated by service behavior 
tion, by | Stanton, bes 
extrac- Calif. Utah N. Dek 
tion TETAS: 
eee me ee ae eee ee ee a Oe ee ee oer oe 3.3 2.7 3.1 2.9 | Slightly lean without seal. 
1 Bisct st Bis ct nods Soe cea 43 oe a ee te ere Soe ae eee 3.6 3.7 4.0 4.1 Do. 
By Oe ie Soe eS ee eee 5: 32 Sant oe eS 2 ne oe a Se ee one Sind 4.0 4.1 | Satisfactory without seal. 
Di mae ew Cece tees eee to ee ee eee eee 3.6:3.< = eR ae ee Jee ee ee een 3.6 Za 2.5 2.1 | Rich. 
eggs Bee Cree epee EDN. MS ee , ae PR EE Pe ey Be eee re ee Ee ge eS 3.8 4.6 4.9 5.2 | Satisfactory without seal. 
ose eS ye es Aa py 5 6.0 ss cae sce sages see ewe casa c oe see ae oes 3.1 4.0 4.2 4.3 Do. 
| OE Erato Se yng me ot 4.852 fot oe he ee ee ee SE 2 Se en | Cree 4,2 4.5 4.8 | Slightly lean without seal. 
| eS pater ae eae Dee beep ee 4D dna oon 2 aad ona Sakae Sos nae ea ee eee : 3.8 4.0 4.1 | Very lean. Satisfactory with seal. 
D miicne Se oe aOR Sie eee Gil oe se ee eee ee ee eee 4.4 4.5 4.8 | Satisfactory. 
eee ee ee ees near Gs 4 OU oe aes wale Aca ee ee ee eee 2.3 2.8 2.4 | Rich. 
9 i eee ee ee ee oe fae ae ele ye eee te 4.5 4.8 5.0 | Slightly lean without seal. 
AO: Se. Soe Sccaes ee ae eee ee o:0 Seca ees ee ee 3.9 4.2 4.3 | Satisfactory without seal. 
— i 3 A . . 
jb Pr ee a eae ee eee eens en Ge slow curing ofl Sadi 3.8 3.9 | Sufficient but poorly distributed. 
{3.3-3.6 emulsion 3____ 
12___.-.-------------20------------------ \1.5-2.2 slow-euring oi 2.8 3.1 2.9 Do. 
| ee ee ae er ey 3.5 3 2.7 3.0 2.8 | Very lean. 





1 These formulas are all based on the division of the aggregate on the no. 10 and no. 
200 sieves: 
P=Percent of oil required. 
a= Percent of aggregate retained on the no. 10 sieve. 
b= Percent of aggregate passing to no. 10 and retained on the no. 200 sieve. 
c= Percent of aggregate passing the no. 200 sieve. 
0.15¢ for fine aggregate. 
Stanton, Calif.: P=0.02a+-0.0450-+-0.18¢ for average aggregate. 
0.20c for coarse aggregate. 
Utah: P=0.02a-++0.033b++-0.195c-+-H (His an absorption factor and is usually 
taken as 0.5). 
Wyoming and North Dakota: P=1.4 (0.015a+0.03b+0.17c). 


An 8-ton tandem roller was used to obtain final com- 
paction on the road-mixed emulsion sections and cut- 
back asphalt sections. The sections built with slow- 
curing oil were not rolled but were compacted entirely 
by traffic. 

Obstructions, as shown in figure 4, A, were devised 
to guide the traffic so as to compact the full width of 
the surfacing. These were moved at frequent intervals 
to distribute traffic as required. The road-mix sections 
were built in 1929 and their behavior up to the final 
inspection in October 1932 is discussed in the following 


pages. 
ROAD-MIX SECTIONS DESCRIBED IN DETAIL 


Section 1.—The section consisted of a road-mix with 
medium-curing cut-back asphalt. The mix was com- 
posed of crushed rock and 110-120 penetration asphalt 
cut back with kerosene. The section was divided into 
three parts in order to investigate the use of differently 
graded aggregates and different amounts of binder. 

Section 1—A, at eastern end of the project, was 639 
feet long and was surfaced with crusher-run stone 
(three-fourths inch to dust) mixed with 1.71 gallons 
per square yard of cut-back asphalt. The aggregate 
contained 0.5 percent moisture and the mechanical 
analysis was as follows: 


Passing— Percent 
Meinch screen = Seg a eee ee eee ey ee 100. 0 
sine sereen See ea eee et ee (OSD 
NOS sieves en Pe See ee Se OS ee 46. 0 
IN O61 0 SIC VEL ss ere ae ge ie cl 13. 0 
NO) 200 ‘sig yes we se) ee ee ey Le ee 2 ts; 


Section 1—-B was 660 feet long and was surfaced with 
crusher-run stone (three-fourths inch to dust) with an 
admixture of fines to increase the percentage of dust 
and was mixed with 1.92 gallons per square yard of 
cut-back asphalt of the same grade as used on section 
1-A. The aggregate contained 2.5 percent moisture 
and the mechanical analysis was as follows: 























2 The percentage of bituminous material by weight were calculated on the basis of 
the specific gravities of the bituminous materials as given in tables 4 and 5 and the 
following unit weights of loose aggregates: 


Pounds per 

cubic foot 
Qraveli nee Oe ee ae ee ens oe ee ae ae ee 100 
Close’graded: crushed ‘stone 322 Se -ae ae ee aes ee eee 90 
Crusher-riimd) Ston@s 22s. oa ak Se ae a ee 85 
Open sraded crushed: ston6zsa.o ae ae 80 


3 The quantities of cut back and emulsion have been corrected for solvent or water 
usitie 56 percent of bitumen for the emulsions and 80 percent residual bitumen for the 
cut backs. 


Passing — Percent 
4-1 Ch SCrOCN a ee ee ee ee ee 100. 0 
i-inch Screen sas ae ee ee 72.0 
NOs 3°S16VG25.50 coe aie 2 5 eee 49. 6 
No. 10 sievés i s2= 2k ce eee eee 28. 0 
Nos200.:siéve.s 222 oe ee Th, 2s 


Section 1-C was 1,320 feet in length and was iden- 
tical with section 1-B as to aggregate and type of 
binder. The section was mixed at the same time as 
1—B using 2.26 gallons per square yard of the cut-back 
material. The mixed material was spread and com- 
pacted by traffic for 8 days. A wide spread in bitu- 
minous content was desired betwen sections 1—-C and 
the other sections and at this time it was evident that 
a greater amount of bituminous material could be used 
without causing instability. The section was there- 
fore scarified and remixed with the addition of 0.21 
gallon per square yard. 

No difficulty was encountered in handling, applying, 
or mixing the cut-back material. Less mixing seemed 
to be necessary than with the slow-curing oils of similar 
viscosity. The mixture on sections 1-B and 1-C, 
which contained added fines, compacted and bonded 
much more quickly under traffic than did section 1—A 
where fines were not added. The edges of these sec- 
tions were rolled about 10 days after construction and 
were greatly improved in appearance. By that time 
the traveled portion of the roadway had compacted 
to such an extent that rolling of this portion was not 
considered necessary. 

Cost of section 1: 
1-A—46.94 cents per square yard or $5,507 per mile. 


1—B—51.18 cents per square yard or $6,005 per mile. 
1—C—58.57 cents per square yard or $6,872 per mile. 


All three sections were in good condition when 
inspected 3 years after the construction. The surfaces 
were free from rich areas such as developed extensively 
on some of the slow-curing oil sections. Section 
1-C which had the highest asphalt content, retained 
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FiaurE 4.—A, Osstructions UsEep To GuiIpE TRAFFIC SO AS TO Compact ENTIRE SurFACE; B, THE RELATIVELY QuICK-BREAKING 
Emutsion UsEp ON SEcTIONS 11 AND 12 Propucrp a MrxturE WHIcH was DirFricuLTt To Compact; C, A Unitrorm Mix 
WuicH CoMPACTED READILY WAS OBTAINED ON SECTION 13 BY THE USE oF A SLOW-BREAKING Emutsion; D, Tor LEANNESS 
oF SEcTION 13 RESULTED IN RAvELING WuHIcH CoNTINUED UNTIL THE SURFACE WAS SEALED. 


the most wear-resistant surface. Sections 1-B and 
1—A began to show slight signs of surface raveling dur- 
ing 1932 and were given a light seal treatment of 0.15 
gallon of 90-95 asphaltic oil applied hot and a cover 
of i pounds of %-to %-inch crushed stone per square 
yard. 

Except for the seal treatment, the only maintenance 
required had been the skin patching of a few small 
areas on section 1—-A where the surface cracked due 
to movement in the subgrade. 

Section 2.—The section consisted of a road-mix of 
cut-back asphalt and open graded _ crushed-stone 
aggregate. The aggregate was %- to -inch crushed 
stone bound with 1.4 gallons per square yard of 110-— 
120 penetration asphalt cut back with kerosene. 

The moisture content of the aggregate was 0.25 
percent and the mechanical analyses were as follows: 








Sample A | Sample B 
Passing— Percent Percent 
S4-inci SCreon 222 wee, Seer See Dag 100. 0 100.0 
yeANCD SCTOONE a ae ae = aS en es ne 86. 0 79.5 
ENG ah BEG V Cote een OF cate oe See See ee 55.5 41.0 
INO@ 10 SIO VOe 245 ee ee oe LSE riley ee ROR Se 2.0 1.0 
NOM A SIP VO se ena sae ees a ke eee ee eee »25 0 





Mixing was completed on this section with consider- 
ably less effort than on section 1 where the aggregate 
included fines. The cut-back asphalt readily and thor- 
oughly coated all of the stone particles. The mix, how- 











ever, compacted and bonded slowly with the result that 
for several days some aggregate was displaced by traffic. 
Less displacement of aggregate would probably have 
occurred, not only on this section but also on section 1, 
had the mix been allowed to cure until somewhat tacky 
before being spread and compacted. 


The cost of the surface was 66.50 cents per square 
yard, or $7,802 per mile. 


As a result of the use of the medium-curing type of 
cut-back asphalt, instead of the rapid-curing type which 
would have been better suited to the open-graded aggre- 
gate, the mix did not develop high stability until about 
2 years after construction. The surface of this section 
remained in excellent condition although the indica- 
tions were that it was somewhat rich when constructed. 


Probably a better design for this section would have 
been a leaner mix with a light seal treatment to provide 
the necessary resistance to displacement. Maintenance 
had been limited to a few small skin patches where the 
surface cracked or slight surface depressions had de- 
veloped. 

Section 3.—A slow-curing oil was mixed with a close- 
graded gravel. The surface was composed of 25-per- 
cent uncrushed, washed gravel 1 to \ inch in size and 
75 percent of crushed gravel % inch to dust, bound 
with a 60-70 oil applied at the rate of 1.70 gallons per 
square yard. The moisture content of the aggregate 
was 3 percent, and the mechanical analyses were as 
follows: 
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Sample A | Sample B 
Passing— Percent Percent 
1i4-inch Screen. a ee ee ee ee eee 100. 0 100. 0 of 1931. 
I<inch screens sade secant hoe eee ee ee 98. 0 97.0 
34-inch: SCP6en {252.2 ee ee ee ee ee ees 91.0 88. 0 
Veil. SCULOON. 22 cae) eee ae ee eee ee 78. 0 75.0 
NO. 3 SICVO. coke oe eo a ee eee ee 62. 0 60. 0 
NO: 10 Severs Se = ee ee ee ee eer 40. 0 41.5 
No; 200 si€ve: ks .25 232 Soo Fee eo ee ees =e 11.0 11.5 














The materials were mixed readily and the mixture, on 
being spread, appeared quite dark in color for a typical 
oil-mix. It seemed to compact more rapidly under 
traffic than did the other oil and crushed-stone mixes. 
The mix appeared richer than the stone mixes having the 
same grading of aggregate and amount of oil This was 
probably due to the relatively high percentage of mois- 
ture in the aggregate. 

The cost of the surface was 69.68 cents per square 
yard or $8,175 per mile. Its high cost was due largely 
to the use of gravel aggregate which was shipped by 
rail. 

The action of moisture on the mix seems to have 
been more pronounced than on section 4 where crushed 
stone aggregate was used. The surface, except for a 
small area on the west end where drainage and sub- 
grade conditions were bad, remained generally hard and 
stable until the spring of 1931 when it softened quite 
generally, necessitating scarifying and remixing of 
about 500 lineal feet on the east end and 700 feet on 
the west end. 

It should be noted that the portions which failed 
first on this section, as well as on section 4, were those 
where the mix appeared somewhat rich in oil at the 
time of construction. Poor drainage and subgrade con- 
ditions, which prevailed on several small portions of 
the section, also seemed to greatly hasten the softening 
of the surface. 

During the summer of 1932 a seal treatment of one- 
fourth gallon of 90-95 hot asphaltic oil and a cover of 
16.5 pounds of one-fourth- to one-eighth-inch crushed 
stone was added to several portions of the section on 
which the mix had not softened appreciably. The area 
treated was mostly over fills and totaled 3,111 square 
yards, or slightly more than half of the entire section. 

Section 4.—A slow-curing oil was mixed with a close- 
graded crushed stone. The mix was composed of 
crusher-run stone, three-fourths inch to dust, with fines 
added as filler, and 60-70 oil applied at the rate of 
1.78 gallons per square yard. The aggregate contained 
from 2.75 to 3 percent of moisture and the mechanical 
analyses were as follows: 











Sample A | Sample B 
Passing— Percent Percent 
b=INeeSCrOOn: 42k Soak ee es ee 100. 100. 0 
D4-ineh scr Genes Fs 5h tees A ee, TU ee 94.0 92.0 
Pe-inch screens 22 Saas 2: Sh ee ee ee ee 8 79.5 79.0 
IN 0y;3 SIOVOL Don eee Pee ee Se a ae ed 64. 0 64.0 
INO. 10 Sleveshi em coe oe re Bea Se ces 37.0 38. 0 
NG.c2O0 SlovGis dans eo eh ea el Sek APNE eed (ete Wao 








__ Sections 4, 5, and 6 were designed to have practically 
identical mixes except as to percentage of oil used. 
Sections 5 and 6, however, were surface treated while 
section 4 was not. 

The cost of the surface was 44.57 cents per square 
yard or $5,229 per mile. 

The surface remained in good condition generally. 
The mix appeared somewhat lean at the time of con- 
struction but no appreciable raveling occurred. Sof- 








tening of the mix did not develop to the extent that it 
did on section 3 although it was necessary to scarify and 
remix about 500 feet on the east end during the summer 
This portion was almost entirely in a cut 
where the drainage and subgrade were not satisfactory. 
A seal treatment, similar to that used on section 3, was 
applied in 1932 to several short portions totaling 666 
square yards where the surface was beginning to ravel, 
particularly along the edges. 

Section 5.—A slow-curing oil was mixed with a close- 
eraded crushed stone and followed with a light seal. 
The mix was composed of crusher-run stone, three- 
fourths inch to dust, with fines added and 1.7 gallons of 
60-70 oil. After compaction a light seal treatment of 
60-70 oil and a cover of \%- to \-inch screenings was 
applied. The aggregate contained from 2.75 to 3.25 
percent of moisture and the mechanical analyses were 
as follows: 
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Passing— Percent Percent 
‘L-INn@hScr Cenc sa 6 ee ees ee es eee eee (se ee 100, 0 100. 0 
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INO« LOSIOV.G ie Sore ee + ek se eer ee ee eo 33.0 44.0 
INO: 200810 Ve. 22 So Ren ee ie ee oe 9.0 9. 25 











After the surface had been down about 35 days and 
had become thoroughly compacted, it was swept clean 
with a power broom and a light seal treatment of 60-70 
oil was applied. The oil was heated to about 140° F. 
and was applied at the rate of 0.17 gallon per square 
yard on the right half of the surface and at the rate of 
0.10 gallon on the left half. A cover of about 19 pounds 
of %- to -inch screenings was then spread, following 
which the surface was rolled with an 8-ton tandem 
roller. The major portion of this cover material was 
thrown to the sides by traffic due to the inability of the 
slow-curing oil to hold the aggregate cover. 

The appearance of the surface before applying the 
seal treatment seemed to indicate a slight deficiency in 
oil which would probably have resulted in some raveling 
had not the seal treatment been applied. The principal 
effect of the treatment was to enrich the surface and 
make 1t more resistant to the wear of traffic. The cost 
of the surface was 52.03 cents per square yard or 
$6,105 per mile. 

In general, this section had remained in better condi- 
tion than either sections 38 or 4. Although there were 
some indications of softening of the mix in a few small 
local areas, failures did not develop sufficiently to affect 
the generally good condition of the surface. 

Maintenance, except for some skin patching, had 
consisted of scarifying and remixing in the summer of 
1931 of about 200 feet of surface on the east end and 
the application of an additional seal treatment during 
the summer of 1932 to 751 square yards of the surface 
which was beginning to show some signs of wear. This 
treatment was similar to that applied to sections 3 and 
4 except that one-fourth gallon of bituminous material 
and 16.4 pounds of cover were used per square yard. 

Section 6.—The section consisted of slow-curing oil 
mixed with crushed stone with a light surface treatment. 
The mix was composed of crushed stone, three-fourths 
inch to dust, without the addition of fines, and 60-70 
oil at the rate of 1.40 gallons per square yard. A light 
surface treatment was applied late in the fall. The 
aggregate contained 2.5 percent moisture and _ the 
mechanical analyses were as follows: 
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The mix in this experiment was purposely made lean 
as a surface treatment was to be applied later. Some 
raveling and pot-holing occurred during the period of 
about 2 months which intervened between the placing 
of the mix and the applying of the surface treatment 
and it is doubtful if the untreated oil-mix surface could 
have gone through the first winter without considerable 
failure. 

Previous to the application of the surface treatment 
the surface was swept and all holes patched. A 94+ 
erade of asphaltic oil heated to about 400° F. was 
applied at the rate of 0.28 gallon on the right half of 
the roadway and 0.22 gallon on the left half. It was 
immediately covered with 18.7 pounds per square yard 
of %- to %-inch stone and then rolled. <A different 
amount of oil was used on each half of the road width 
in order to obtain information as to the most economical 
amount to use. As the treatment was not applied 
until late in the fall, cold weather prevented complete 
cementing of the cover stone and, as a result, some of 
the aggregate was displaced by traffic. It was not 
until the following summer that the oil warmed suffi- 
ciently to come up through the stone and at that time 
some additional cover had to be added to stop bleeding. 

The cost of the mix and surface treatment was 47.17 
cents per square yard or $5,534 per mile. The mix 
te cost 37.88 cents per square yard or $4,444 per 
mile. 

This section had remained in excellent condition. 
The surface was free from soft spots such as occurred on 
some of the other sections with light oil mixes. Such 
little maintenance as had been required consisted of 
applying a few small seal patches. 

Section 7.—A slow-curing oil was mixed with a close- 
graded crushed stone. The mix was composed of 
crushed stone, three-fourths inch to dust with which 
fines were added, and 70-80 oil at the rate of 2.16 
gallons per square yard. The aggregate contained 
from 1.5 to 3 percent moisture and the mechanical 
analyses were as follows: 














Sample A | Sample B 
Passing— Percent Percent 
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Considerable difficulty was encountered in mixing 
the 70-80 oil because of cold weather during construc- 
tion. The quantity of oil first tried was 1.93 gallons 
per square yard. Since this did not appear to be 
sufficient an additional 0.23 gallon was used. The mix 
compacted rapidly and developed an excellent nonskid 
surface texture. The oil seemed to have better adhe- 
sive properties than did the 60-70 oil but was less 
adhesive than the cut-back asphalts. 

The cost of the mix surface was 47.82 cents per square 
yard or $5,611 per mile. 

Softening of the mix developed early on about 600 
feet on the west end and on about 200 feet on the east 
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_ was in good condition at the time of the last inspection. 


Section 8.—A_ slow-curing oil was mixed with an 
open-graded crushed stone. The mix was composed of 
crushed stone, three-fourths to one-eighth inch in size 
and a 70-80 oil at the rate of 1.24 gallons per square 
yard. The aggregate contained from 0.2 to 3.5 percent 
moisture and mechanical analyses were as follows: 
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Passing—— Percent Percent 
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The material was mixed very quickly and was al- 
lowed to remain in the windrows for several days before 
it was spread. Compaction took place slowly and 
there was appreciable displacement of stone under 
traffic for several days during the early compaction. 
Rolling was finally resorted to and aided considerably 
in compressing and smoothing the loose surface material. 
The surface obtained was more open than was desired 
but, in accordance with the original plan, it was not 
eiven aseal. The early behavior of this section and the 
difficulty in compaction was similar to that experienced 
on section 2 where a 110-120 penetration asphalt cut 
back with kerosene was used. The cost of the surface 
was 59.55 cents per square yard, or $6,987 per mile. 

In the spring following construction this section 
failed by rutting extensively under the truck traffic inci- 
dent to the construction of sections in 1930. Although 
the west half of the section, which was in a cut where 
the subgrade soil and drainage were bad, failed first 
and most extensively, it was evident, even on the good 
subgrade, that the mix lacked sufficient stability. The 
section was considered unsatisfactory and it was discon- 
tinued as an experiment during the fall of 1930. 

Section 9.—A close-graded crushed stone was mixed 
with a kerosene cut-back. The mix was composed of 
crushed stone, three-fourth inch to dust, with muck-sand 
filler added, and 94+ asphaltic oil cut back with kero- 
sene and applied at the rate of 1.86 gallons per square 
yard. The aggregate contained from 1 to 2 percent 
moisture and mechanical analyses were as follows: 
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On account of a delay in shipment of a portion of the 
cut-back material for this section, several days inter- 
vened between the mixing of the two windrows. The 
south windrow was mixed and left to cure for 4 days 
before being combined with the north windrow. Such 
slight hardening as occurred in the mix did not seem to 
add difficulty to the final processing or compaction and 
seemed to aid in obtaining early compaction with much 
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less raveling under traffic. The section was rolled 
during the early compaction. The cost of the surface 
was 50.81 cents per square yard, or $5,962 per mile. 

This section had remained in excellent condition. 
Practically no maintenance had been required although 
it appeared that a light seal coat would probably be 
beneficial. The surface was nonskid, uniform in color, 
and free from soft spots. 

Section 10.—A kerosene cut-back and was mixed 
with close-graded gravel. The mix was composed of a 
close-graded gravel, such as was used on section 3, con- 
taining sufficient fines without the addition of filler and 
a 94+ asphaltic oil cut back with kerosene. A small 
amount of cut-back asphalt of 110-120 penetration 
was also used. The aggregate, containing 0.5 to 0.6 
percent moisture, was analyzed as follows: 











Sample A | Sample B 
Passing— Percent Percent 
i=in Ch ‘SClGOh. .csa5- = se ae ee ee 93. 99. 0 
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The asphaltic material used in the mix consisted of 
1.58 gallons of 94-++ cut back and 0.14 gallon of 110-120 
cut back, the latter being added to make up for the 
shortage of the former. 

The material for the left half of the road was pro- 
cessed and windrowed 5 days before processing the 
other half. Four days after mixing the second windrow 
the two were mixed together and spread. The surface 
was rolled on the following day. Here, as on section 9, 
the short period of curing seemed to have been of 
considerable benefit as the mixture compacted quickly 
and a smooth hard surface was obtained. 

The total cost of the surface was 71.19 cents per 
square yard or $8,353 per mile. The high cost of this 
experiment is due largely to the freight charges on the 
gravel, which was shipped a long distance by rail. 

The surface was in excellent condition except for 200 
feet on the west end where bad subgrade and drainage 
conditions had resulted in some displacement and 
cracking. The surface appeared much richer than 
that of section 9 and was less nonskid. Except for 
some patching on the west end and at a few locations on 
the edges, no maintenance had been required. 

Section 11.—This section was road-mix, composed of 
asphaltic emulsion and crusher-run stone, three-fourths 
inch to dust. The aggregate was first mixed with 0.48 
gallon of 60-70 oul, after which 1.54 gallons of 
110-120 M asphaltic emulsion was applied and mixed. 
The portion between stations 361+39 and 353-+-59 
was enriched by adding 0.49 gallon of 95+ M asphaltic 
emulsion. 

A seal treatment consisting of 0.30 gallon of a mixture 
of 95+ M and 95+ L emulsions and about 11 pounds 
of 4- to %-inch cover stone was applied to the portions 
between stations 361+39 and 357+49 and between 
349-+-69 and the west end of the section. The remain- 
ing portion of the section was left until the following 
summer when it also was sealed, using 0.18 gallon of 
95-++ L2 asphaltic emulsion on the left half of the road- 
way and 0.17 gallon on the right half, with a cover of 
11 pounds per square yard of \- to \-inch stone chips. 
All the seal treatments were rolled immediately follow- 
ing the application of the cover stone. 




















The aggregate contained 1.5 percent of moisture and 
was analyzed as follows: 
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The results obtained in the mixing operation were 
not very satisfactory. The emulsion,' which was not a 
true mixing emulsion, broke and became viscous so 
quickly that mixing was difficult. Instead of coating 
all of the particles uniformly, as did the other types of 
bituminous materials, this relatively quick-breaking 
emulsion had a decided tendency to form the finer 
particles in balls, leaving the larger particles practically 
uncoated. When the materials had been processed 
as well as possible, the mix was spread and rolled but 
it did not bond well and displaced considerably under 
traffic. It was decided to enrich the east half from 
stations 361+39 to 353+59 by remixing with the 
addition of 0.49 gallon of the 95+ M emulsion. This 
portion bonded somewhat more readily than before 
although considerable displacement of aggregate by 
traffic occurred for several days. An attempt was 
made to consolidate the mix by rolling intermittently 
for several days. Consolidation was finally accom- 
plished to a fair degree, the finer particles being pressed 
around and interlocking with the larger poorly-coated 
particles. 

Although the manufacturers of the emulsion con- 
tended, and it was generally agreed at the time of 
construction, that the emulsion-mix sections would 
require a seal treatment for best results, it was decided 
to seal only a portion of each section immediately. 
However, in order to prevent extensive deterioration 
of the unsealed portions, which were on relatively poor 
subgrade, they were given a seal treatment during the 
following summer. 

The cost of the mix and seal was 64.46 cents per 
square yard or $7,563 per mile. 

Section 12.—A road-mix was placed consisting of an 
asphaltic emulsion and crusher-run stone. The crusher- 
run stone ranged from three-fourths inch to dust. The 
aggregate was first mixed with 60-70 oil at the rate of 
0.48 gallon between stations 345+79 and 343+79, 
and 0.70 gallon on the remainder of the section, follow- 
ing which 1.84 gallons of emulsified asphaitic oil of the 
95+ M grade was applied and mixed. The portion 
between stations 345+79 and 343+79 was enriched 
by adding 0.23 gallon of 110-120 M asphaltic emulsion. 

The portions between stations 345+79 and 340+89 


| and from station 331+ 09 to the end of the section were 


sealed shortly after the compaction of the surface. 
On the first portion 0.3 gallon of a mixture of 95+ M 
and 95+ L emulsion was applied, while on the latter 
portion the same amount of the 95+ L grade emulsion 
alone was used. About 11 pounds per square yard of 
\y- to -inch stone screenings were used in covering both 
portions. As in the case of section 11, the portion left 
unsealed at the time of construction was given a seal 
treatment during the following summer. In this treat- 
ment 0.18 gallon of 95+ L2 emulsion was applied to 

1 The demulsibility of this emulsion, using 50 cubic centimeters 0.10N. calcium 


chloride, was 100 percent compared with present A. S. T. M. requirement of a maxi- 
mum of 30 percent. 
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the left half of the roadway and 0.21 gallon to the right 
half. Both pee were covered with 11 pounds per 
square yard of %- to -inch stone screenings and rolled. 

The aggregate eed on this section contained | to 1.2 
percent moisture and was analyzed as follows: 
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As in the case of section 11 jdificulty was encountered | 


in mixing and compacting and, during the extended 


period of. compaction, considerable ageregate was dis- | 


placed by traffic. This condition is illustrated in 
figure 4, B. After the mix had hardened, about half 
the section was sealed, the remaining portion being 
left until the following summer when the sealed and 
unsealed surfaces had about the same appearance as 
the corresponding parts of section 11, except that the 
unsealed surface was slightly better bonded than that 
on the leaner portion of section 11. 

The cost of the mix and seal was 64.62 cents per 
square yard or $7,582 per mile. 

Section 13.— On this section an asphaltic emulsion was 
mixed with crusher-run stone ranging from three-fourths 
inch to dust. The aggregate was primed and mixed 
with 2.23 gallons of water. Following this, asphaltic 
emulsion iutlge was applied at the rate of 2 gallons 
per square yard and mixed. Figure 4, C illustrates the 
mix. 

The easterly portion, stations 326+19 to 311423 
was sealed after compaction of the mix, using 0.3 
gallon of 95+ L emulsion and covered with about 11 
pounds per, square yard of \%- to \-inch screenings. 
The remaining portion was given a seal treatment dur- 
ing the following summer, consisting of 95-+ L2 emul- 
sion applied at the rate of 0.18 gallon on the left half 
and 0.21 gallon on the right, half and covered with 13 
pounds per square yard of - to \-inch screenings on 
the left half and 11 pounds per square yard on the right. 
Raveling resulting from the leanness of the mix is illus- 
trated in figure 4, D. 

The aggregate used on this section contained from 5 
to 7.5 percent moisture and was analyzed as follows: 
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The cost of the mix and seal was 67.29 cents per 
square yard or $7,895 per mile. 

Although the subgrade was variable and of inferior 
quality on portions of the section, certain types of 
failure occurred in the emulsion mixtures which seemed 
to be due to the character of the mix rather than to that 
of the subgrade. 

Where the worst subgrade conditions existed, it was 
necessary to remove the defective subgrade to a depth 
varying from a few inches to 18 inches or more and to 
do extensive patching during the early summer of 1931. 
This work put the surfaces in fairly good condition and 








Figure 5.—TypicaL CRACKING AND PEELING WHICH OccURRED 
DvuRING THE SPRING ON PORTIONS OF SECTIONS 11 AND 12, 
DvrE To THE Bap SUBGRADE AND Poor DRAINAGE IN THE 
DItTcHEs. 


it was thought that the sections would go through the 

next winter “satisfactorily. However, further failure of 

the subgrade occurred and additional extensive repairs 

were again necessary during the spring of 1932. 

MORE IMPORTANT FACTORS AFFECTING THE BEHAVIOR OF THE 
ROAD-MIX SECTIONS DISCUSSED 

Of the factors affecting the service behavior of the 
oil-mix type of surfacing as built in the Western States, 
moisture is probably the most important. Moisture in 
the aggregate at the time of mixing, moisture seeping 
into the surface from the top and, perhaps most impor- 
tant of all, moisture entering the surface from the sub- 
grade, must all be considered as potential causes of 
failure. 

In these experiments the most noticeable result of 
the effect of moisture was the development of areas 
having the appearance of excessive richness in bitumen. 
On these areas the mat became so soft and unstable as 
to require scarifying and remixing. The time inter- 
vening before this unsatisfactory condition developed 
varied from a short time after construction to a period 
of 2 years. Subgrade water which entered the mixture 
from below was responsible for most of the failures of 
this type. 

Examination of the mat from areas affected by 
moisture in otherwise good sections indicated that 

water, in rising through the mix toward the surface, 
had apparently” carried with it an appreciable amount 
of oil. 

The richer mixes seemed to lose stability earlier and 
to a greater extent than did the leaner ones. Section 
7 furnishes a good example of the comparative effect 
of subgrade moisture on rich and lean mixes. On this 
section drainage and subgrade conditions were fairly 
uniform but the west half of the section, which was 
comparatively rich, softened, became unstable and had 
to be scarified and remixed in 1931, while the east 
portion, except for a small area at the ‘beginning of the 
section, has remained in excellent condition. Analyses 
of mat ‘samples t taken from the east and west portions 
show the former to contain approximately 25 percent 
more bituminous material than the latter. 

Softening of the mat occurred most generally in 
cuts where drainage conditions were least satisfactory. 
Section 4 remained in good condition except for a short 
portion at the east end which was in a cut with poor 
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drainage and subgrade. The mat on this portion of 
the section softened and was scarified and remixed in 
1931. 

Section 3, on which gravel was used, softened more 
extensively than did section 4, on which crushed stone 
was used. Due to the smooth, round character of the 
gravel particles, the stability of the gravel is apparently 
reduced more quickly than that of the rough, angular 
crushed material when an excess amount of water is 
present in the mix. 

The mix on section 5, which appeared somewhat 
lean and was lightly sealed with the same oil used in 
the mix, was affected by water to a much less degree 
than either section 3 or 4. Only a few small areas of 
its surface had softened. The seal coat provided an 
excellent, wear-resistant surface on this section which, 
due to its leanness, would otherwise undoubtedly have 
failed by raveling. It is believed, however, that its 
resistance to loss of stability has been due largely to 
the leanness of the mix rather than to the seal treatment. 

On section 6 the mix was very lean, appearing to be 
much more so than that on section 5, and the surface 
was sealed with a soft grade of asphalt. This combina- 
tion of a lean mix with an asphalt seal coat provided 
an excellent surface and there were no indications that 
the mix had softened because of subgrade moisture. 
The behavior of sections 5 and 6 in contrast to that of 
the richer unsealed sections, particularly in their re- 
sistance to the action of moisture, suggest the possible 
advantage of using a lean mix with a wear resistant 
surface treatment, particularly where moisture condi- 
tions are unfavorable. 

The belief that bituminous materials of high viscosity 
offer more resistance to the effect of moisture on this 
type of construction than materials of lower viscosity 
has led to the use of more viscous materials. The effect 
of the viscosity of the slow-curing oils on their resistance 
to moisture was not studied in this investigation, but 
the exceptionally good condition of section 7 on which 
the more viscous 70-80 oil was used tends to substan- 
tiate the opinion regarding the advantage of the heavier 
oils. The water-resistant properties of the asphaltic 
cut-back materials are also well illustrated by the be- 
havior of the road-mix sections in which these materials 
were used. ‘These surfaces continued in good condition, 
uniform in color, and free from any indication of soften- 
ing or lack of stability. 


GRADING OF AGGREGATE IMPORTANT IN DESIGNING MIXTURES 


The grading of the aggregate is important in design- 
ing all types ‘of bituminous mixes and is particularly 
so in designing those types of road-mix in which the 
bituminous materials used may not compensate for a 
possible lack of stability in the aggregate. Obviously, 
if the aggregate does not possess inherent stability it 
must be ‘supplied by the bituminous material. Con- 
versely, if the aggregate has this property it need not 
necessarily be characteristic of the bituminous material. 
Satisfactory stability was obtained on all the road-oil- 
mix sections where the aggregate was close-graded 
(from 5.8 to 11.5 percent of dust), although the bitumi- 
nous material used with it had relatively little cementing 

value. 

Sections 2 and 8 were built with open-graded crushed- 
stone aggregate ranging from three-fourths to one-eighth 
inch. A medium-curing kerosene cut back was used 
on section 2 and a 70-80 slow-curing oil on section 8. 
On the former section the mix remained plastic for a 
long time after construction, during this time it seemed 








on the verge of failure. However, it gradually hard- 
ened and in time its condition materially improved. 
The behavior of this section conforms with experience 
on other projects where similar medium-curing cut-back 
materials were used, in that satisfactory stability of the 
mix developed only after a considerable period of time 
during which an appreciable amount of volatile material 
evaporated resulting in greater viscosity in the remain- 
ing bituminous material “which enabled it to furnish the 
stability lacking in the aggregate. 

Section 8, on which the 70-80 slow-curing oil was 
used with open-graded aggregate, lacked stability and 
failed early since the oil was not of a type which hard- 
ened so as to provide the stability lacking in the 
aggregate. 

It is apparent that aggregate should be closely 
graded, contain an appreciable amount of fine material, 
and have high inherent stability if it is to be used with 
slow-curing or medium-curing asphaltic materials. 
The fine particles, particularly ‘that portion of the ag- 
gregate passing the no. 200 sieve, seem to stiffen the 
bituminous material and provide the necessary early 
stability. The mix on section 2, which contained no 
fines, displaced under traffic for a long time after con- 
struction. Although it finally developed a_ well- 
bonded and stable surface the early behavior was not 
satisfactory, due to the slow development of cohesive 
properties in the binder. 

The exact amounts of fines which should be present 
when slow-curing, medium-curing, or rapid-curing 
materials are used cannot be stated definitely. Ex- 
perience indicates that in constructing road mixes with 
average aggregates of open grading, rapid-curing ma- 
terials should be used and that, in ceneral, slow-curing 
or medium-curing materials should not be used when 
the dust content of the aggregate is less than approxi- 
mately 5 percent. 

Sections 2 and 8 are typical examples of surfaces 
containing open aggregates where better results would 
have been obtained had a more rapid-curing binder 
been used. 


AMOUNT OF SLOW-CURING OIL REQUIRED MAY BE DETERMINED 
SATISFACTORILY WITH FORMULAS 

The subgrade soils on sections 1 to 18, as shown in 
table 2, include the A-2 (mostly plastic), the A—4, and 
A-7 types. The A-—2 plastic type predominates except 
on sections 11, 12, and 13. The more unfavorable 
A-4 and A-7 types comprise the soil on these three 
sections and were also found in the deep cuts and on 
other short portions of some of the other sections. 

Failures of the surface due to the subgrade were con- 
fined almost entirely to those portions overlying A-4 
and A-7 soils. The characteristic tendency of the A-4 
soils to flow under load was reflected in the behavior 
of the surface, which failed by settlement and cracking 
(igure): This type of surface failure was extensive on 
section 11. 

The A-7 soils, which are elastic when loaded, caused 
cracking without appreciable displacement of the sur- 
face. Failures of this type occurred extensively on 
section 12. 

The data on laboratory curing and stability tests 
made on the material from the various mixtures passing 
no. 10 sieve, and presented in table 3, give some indica- 
tion of the degree of curing which might occur in mixed 
surfaces containing oils and cut backs. It also illus- 
trates the gain in the stability of the fine portion of 
the mixtures which accompanies the loss of volatile 
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constituents. The tests reported show high stability 
values indicating that the inherent stability of the fine 
portion of these road-mixes was high. Gains in stabil- 
ity corresponding to a given loss of volatile matter were 
substantially greater for the cut-back mixtures than for 
the slow-curing oils. 

The comparatively low total oven losses of volatile 
matter for the cut-back mixes from sections 9 and 10 
indicates that considerable more volatile matter had 
gone off during the construction operation than on 
sections 1 and 2. This explains the better early 
behavior of sections 9 and 10 as compared with sections 
1 and 2 and shows the necessity of obtaining an appreci- 
able loss of the solvent (in cut-back materials) before 
final compaction of the mix. 

A comparison of the amount of bituminous materials 
used with that shown to be required by several formulas, 
together with comments as to the sufficiency of the 
amounts used as indicated by service behavior, are 
given in table 6. In general, the behavior of the sec- 
tions indicates that the amounts of slow-curing oil 
required for close-graded aggregates may be deter- 
mined satisfactorily by means of one of several formulas 
now in use. The results of these experiments, however, 
as well as observations on other projects, indicate that 
where very heavy slow-curing oils and cut backs which 
produce heavy residues in the road surface are used it 
may be advantageous to apply greater quantities than 
called for by the formulas. 

Sections 11, 12, and 13, on which asphaltic emulsions 
were used, were of a more highly experimental character 
at the time of construction than the remainder of the 
sections. Little experience had been had with this 
type of material and little information was available 
relative to its behavior during construction or as to the 
proper amount of the material to use under given condi- 
tions. Practically all details therefore were experi- 
mental and with the complication of inferior subgrade 
conditions, the results were not very satisfactory. 

Considerable difficulty was encountered in mixing 
sections 11 and 12. The emulsions broke during the 
mixing operation, balled with the fine particles of 
ageregate and produced an apparently lean, non- 
uniform mix which was harsh and very open and in 
which the coarse particles were very poorly coated with 
bitumen. On the unsealed portions, the open and 
poorly bonded surface cracked extensively, especially 
during the spring season when the subgrade was least 
stable. 

The emulsion on section 13 had a slower break than 
that used on sections 11 and 12 as indicated during the 
mixing operation. The fines did not segregate and ball, 
the coarser particles were well coated and the mixture 
obtained was uniform and of a close texture. The ap- 
pearance of the mix on section 13, as compared to that 
of sections 11 and 12 at the time of construction, is 
shown by figure 4, B, and 4, C. 

The raveling which occurred on the unsealed portions 
of section 13 appears to have been caused by insufficient 
bitumen rather than by the character of the emulsion. 
As shown in table 3, there was only 1.4 percent bitumen 
in the mix, and the total amount, including the seal, was 
2.7 percent.- Figure 4, D, illustrates the tendency of the 
surface to ravel before being surface-treated. A further 
comparison of the quantity of bitumen, including the 
admixed oil used in the mix on sections 11, 12, and 13, is 
obtained by deducting the water content of the emul- 
sions as given in table 5 from the total amounts used. 
This shows that approximately 1.2 to 1.5 gallons of 
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bitumen per square yard were used in the mix on section 
11, 1.8 gallons on section 12, and only 1.2 gallons on 
section 13. 

Since these sections were built, considerable progress 
has been made in the development of methods of manu- 
facture and handling of this type of material and, with- 
out doubt, most of the construction difficulties encoun- 
tered on these experimental sections can, to a large 
extent, now be avoided. 

VARIOUS TYPES OF SURFACE TREATMENT APPLIED TO CRUSHED- 
ROCK BASE 

A 3-inch compacted base course for the surface treat- 
ments, sections 14 to 21, inclusive, was built in the fall 
of 1929. This consisted of crusher-run stone, three- 
fourths inch to dust, to which 10 to 15 percent of local 
clay and silt binder was added. Early snow and freez- 
ing weather made it impossible to thoroughly shape 
and consolidate the base course so that it was necessary 
to continue this work during the following spring. 

Due to the unusually dry weather during the early 
summer, much of the base material was whipped off by 
traffic, the final thickness of the base course being thus 
reduced to between 2 and 2% inches instead of 3 inches 
as planned. 

Immediately prior to application of the surface treat- 
ments, the base was lightly scarified, watered, and 
bladed. This work was often done during the night 
preceding application of the prime coat to avoid, so far 
as possible, damage from traffic between the final shap- 
ing of the base and the application of the prime treat- 
ment. The base was swept and this was followed im- 
mediately by the prime coat. Figure 6, A, shows the 
sweeping operation. 

A typical grading of the aggregate used in the base 
course was as follows: 


Passing— Percent 
(ern Chescrec ieee eee er SS A ee 99. 6 
Pic LECheel ae a eee © ee oe ee 95. 9 
LP NnGlIBel CCM kate oa Se ae ee ah ie 80. 6 
IN'ORSUSIC VC Ameer ete ee Se) Soe Oe I ee ee 68. 9 
INO LOLSIC Vem sate eee. ee ee tee 38. 7 
INYO ORSLO yc eens tee Ee Be et Fs i ee ee 10. 2 


Details concerning the various sections are given in 
table 7. A prime treatment was applied to all of the 
sections. On the right half of sections 14 to 17, inclu- 
sive, a 110-120 penetration asphalt cut-back with kero- 
sene was used, while on the left half of these four and 
on the remaining sections a 50-60 penetration slow- 
curing oil was used. 

The prime coat was applied to one-half the road 
width and the material allowed to penetrate and dry 
for about 2 days, after which it was opened to traflic 
while the other side was similarly treated. Wet areas 
remaining at the end of the 2-day drying period were 
blotted with stone chips, one-eighth inch to dust. The 
cut-back asphalt penetrated to an average depth of 
three-eighths inch and the slow-curing oil to about one- 
half inch. The former material produced a tougher, 
better bonded and more wear-resistant surface than 
did the oil. Failures did not develop in the, cut-back- 
primed surface, but considerable breaking and scaling 
occurred where the light oil was used. This tendency 
of the oil-primed surface to break and ravel is illus- 
trated in figure 6, B. 

Where raveling occurred in the primed base, the holes 
were swept clean of dust, sprayed lightly with a slow- 
curing oil and then filled with crushed rock, three- 
fourths inch to dust in size. 
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Figurb 6.—A, SwEEPING Base BEFORE PriminGc; B, SurFAces PRIMED WITH SLOW-CuRING Ort Broke In Many PLACES AND 
REQUIRED CONSIDERABLE REPAIRING BEFORE APPLYING THE SURFACE TREATMENT; C, SPREADING STONE WITH BOXES 
ATTACHED TO Trucks; D, Equipment UsEep To LicgHTLy MANIPULATE AND SPREAD THE COVER STONE. 


Both light and heavy types of surface treatments 
involving several types and grades of bituminous 
materials were used. To facilitate their application, 
all the bituminous materials, including the emulsion, 
were warmed. 

The crushed stone was loaded from cars or stock 
piles with a truck crane fitted with a \-cubic-yard 
clamshell bucket. Three- and four-cubic-yard dump 
trucks were used for hauling and spreader boxes were 
used for spreading. Figures 6 and 7 illustrate the 
spreading, leveling, and finishing operations. 

Typical gradings of the crushed stone used as cover 
material are given below: 








%to% | wto 4 
inch inch 

Passing— Percent Percent 
124-Inch:Screen se ee ee ee ee eee ee ee 100: 0 |e ee ee 
L-inch screeniiac 2 see ee cena Se eee te eee 98:2) ar See eS 
inch'screen (3s ae eae. Vee ae a ee 64. 3 100. 0 
inch sercen.2 =~ ae ee ee 7.5 93. 4 
INO.'3: SIV GSS cose oe se ee ee eae ee 2.5 65.9 
No. 10 slove. 28. coos ee, ee has ee 1.5 8.3 
No. 200 siéver 3. oS ee ee eee oe | a ee 2.4 














All of the surface treatments were applied in the 
summer of 1930 and their behavior up to the final 
inspection in October 1932 is described. 





SURFACE TREATED SECTIONS DESCRIBED IN DETAIL 


Section 14.—A heavy treatment of hot asphalt was 
applied. 

The cut-back priming on the right half of the section 
had been down 5 days and the 50-60 slow-curing oil 
priming on the left side 3 days when the surface treat- 
ment was applied. 


On this section an attempt was made to further 
smooth the surface by honing the seal coat cover. 
This procedure was abandoned, however, since it 
proved impossible to hone the surface without dis- 
turbing the larger underlying stone. It was therefore 
decided to use a broom dr ag on all cover courses and to 
limit the light honing operation to the heavy stone 
cover. 


The application of the bituminous material on this 
section was unsatisfactory due to poor operation of the 
distributor. Many small areas were missed and con- 
siderable patching was necessary before applying the 
seal. The seal treatment was applied after the surface 
had been under traffic for about 3 weeks. 

The cost of the base course was 31.98 cents per square 
yard, or $3,752 per mile. The cost of the surface treat- 
ora was 42.12 cents per square yard, or $4,942 per 
mile. 
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TaBLeE 7.—Details of surface realmente applied to 3-inch compacted stone base, three-fourths inch to dust and bound with approximately 
one-fiftieth cubic yard per square yard of selected soil 
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1 Quantities used in successive applications and corresponding applications of cover material are shown below. ‘ ’ 
2 The final application consisted of 0.58 gallon of 90-95 L3 emulsion from stations 185+-00 to 174+-20 and 0.35 gallon of the 94+22 emulsion of the remainder of the section 


Left half | Right half 


(a) Base swept and holes repaired before priming 


Primeses sto oe 0.29 gallon, 50-60 slow-curing 
oil of 17.6 specific viscosity 
(Engler) at 50° C 


0.29 gallon, 110-120 penetration 
asphalt cut back with kero- 
sene to a specific viscosity 
(Engler) of 17.2 at 50° C. 





(b) Hand broomed and holes repaired as necessary 


PLACK CORG=e Soee a= 0.26 gallon of 150-200 penetra- | 0.26 gallon of 150-200 penetra- 
tion asphalt applied hot. tion asphalt applied hot. 

Cover stone. -_.---- 47 pounds, %- to Winch | 49 pounds, %- to 14-inch 
crushed stone. crushed stone. 





(c) Stone spread with spreader boxes, lightly honed with a 
blading machine, spotted, drag broomed and rolled 
Penetration appli- 


0.26 gallon of the same asphalt | 0.26 gallon of the same asphalt 


cation. as that used in the tack coat as that used in the tack coat 
application. application. 
Keystones.- -22~=se. 31 pounds of %- to \%-inch | 31 pounds of %- to M%-inch 
crushed stone. crushed stone. 
(d) Stone spread with spreader boxes, spotted, drag broomed 
and rolled 
Seal application..._] 0.20 gallon of the same asphalt_| 0.20 gallon of the same asphalt 
Coyers42 = t.- AS 15 pounds, 4%- to %-inch | 21 pounds, %- to %-inch 


crushed stone. crushed stone. 


(e) Drag broomed, spotted, and rolled 


The total cost was 74.10 cents per square yard, or 
$8,694 per mile. 

Section 15.—A light surface treatment of a heavy 
asphaltic oil was applied hot. 


Left half Right_half 


Primes 0:29, gallon, 50-60 slow-curing | 0.29 gallon, kerosene cut-back. 


oil. 
Hot application___-| 0.29 gallon of 94+- asphaltic oil_ 
Cover stone-_.--.-.-- 27 pounds, %- 

crushed stone. 


0.29 gallon of 94+ asphaltic oil. 
to %-inch | 27 pounds, %- to 46-inch 
crushed stone. 


Because of the light cover used in this treatment, 
smoothing by blading, as in the other sections, was not 
attempted. The equipment and methods used were 
otherwise the same. 

The cost of the base was 32.1 cents per square yard, 
or $3,769 per mile. The cost of the surface treatment 
was 14.5 cents per square yard, or $1,707 per mile. The 
ieee cost was 46.68 cents per square yard, or $5,477 per 
mile 

Section 16.—A heavy surface treatment of a heavy 
asphaltic oil was applied hot. 

The method of construction was similar to that 
used on the other heavy surface treatments. The sub- 
grade conditions were about the same as on the other 
sections. 

The cost of the base was 32.1 cents per square yard 
or $3,766 per mile. The cost of the surface treat- 
ment was 29.8 cents per square yard or $3,493 per 








Fiagurs 7.—Tovucuine Up Surracre By Hanp AND DRAGGING 


WITH A Broom. 





Left half 


Right half 





Tack coat.....---- 
Cover stone_..-.--- 
Penetration appli- 
cation. 
Keystone-_-.------- 


Seal application --__ 


0.29 gallon, 50-60 slow-curing 
oil. 
0.18 gallon of 94+ asphaltic 


oil. 

32 pounds of %- to 14-inch 
crushed stone. 

See gallon of 94+ asphaltic 
oil. 

18 pounds, 4%- to 
crushed stone. 

0.20 gallon of the same as- 
phaltie oil. 


Y-incb 





0.29 gallon, kerosene cut-back. 

0.11 gallon of 94+ asphaltic 
oil. 

32 pounds of %4- to %-inch 
crushed stone. 

0.28 gallon of 94+ asphaltic 
oil. 

34 pounds, 14- to 
crushed stone. 

0.20 gallon of the same as- 


phaltie oil. : 
to %-inch 


\-inch 





Seal Coveronae-=s= 13 pounds, %- to M-inch | 12 pounds, 1<- 
crushed stone. crushed stone. 
mile. The total cost was 61.87 cents per square yard 


or $7, 


259 per mile. 


Section 17.—A heavy surface treatment of rapid- 
curing cut-back asphalt was applied. 


Tack coat appli- 
cation. 


Cover stone_-.__-- 

Penetration appli- 
cation. 

KGVRLONG st) se 

Seal application _ -_ 


Seal cover...------ 











Left half 


0.29 gallon of 650-60 slow- 


curing oil. 

0.29 gallon of 110-120 asphalt 
cut back with about 25 per- 
cent naphtha. 

50 pounds, %4- to 
crushed stone. 

0.15 gallon of naphtha cut- 
back. 

19 pounds, - to 
crushed stone. 

0.22 gallon of naphtha cut- 
back. 

11 pounds, %- to 
crushed stone. 


44-inch 


14-inch 


14-inch 





Right half 


0.29 gallon of kerosene cut- 


back. 

0.28 gallon of 110-120 asphalt 
cut back with about 25 per- 
cent naphtha. 

37 pounds, %- to 
crushed stone. 


¥-inch 


| 0.22 gallon of naphtha cut- 


back. 

15 pounds, %, to 
crushed stone. 
0.17 gallon of 
back. 

13 pounds, Js- to 
crushed stone. 


Y-inch 
naphtha cut- 


Y-ineh 





The same methods were used in the construction 
of this section as on sections 14 and 16. 
had been applied on the left side 18 days and on the 
right 20 days at the time the surface treatment was 


The prime 
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applied. The right half of the base which was primed eed Right half 

with the cut-back asphalt was in perfect condition ee 

and free from holes or raveling, while the left side|, 0:32 gellom of 60-60 slawiseetaa 


on which the 50-60 slow-curing oil was used had 
developed a few pot holes and some raveling. 

The amount of cover stone used, particularly on the 
left half, was far too great for the quantity of asphalt 
used. An excessive amount of raveling occurred on 
this half before the seal coat was applied. The diffi- 
culty was corrected to some extent in applying the seal 
treatment by increasing the amount of asphalt and 
reducing the amount of stone cover. 

The cost of the base was 32.6 cents per square yard 
or $3,825 per mile. The cost of the surface treatment 
was 38.7 cents per square yard or $4,544 per mile. The 
total cost was 71.33 cents per square yard or $8,369 per 
mile, 

The high cost of this section was largely due to the 
cost of transporting the cut-back asphalt in steel drums, 
which was necessary because of the small quantity used. 

Section 18.—A heavy surface treatment of asphalt 
emulsion was applied. 

This section, as well as sections 19, 20, and 21, re- 
ceived surface treatments of essentially the same type 
as did sections 14, 16, and 17, except that asphaltic 
emulsions from two producers were used. The designs 
of the sections were furnished by the producers and the 
work was carried out under their supervision. 





Left half Right half 





Primé:<.< ee 0.32 gallon of 50-60 slow-curing 





seat age of 50-60 slow-curing 


oil. 
0.26 gallon of 94+ L2 asphaltic 
emulsion. 


oil. 
0.16 gallon of 94+ L2 asphaltic 
emulsion. 


Tack coat applica- 
tion. 


Cover stone.__----| 47 pounds, 34- to -inech | 48 pounds, %- to %-inch 
crushed stone. crushed stone. 

Penetration appli- | 0.28 gallon of the same emul- | 0.29 gallon of the same emul- 

cation. sion. sion. 

Keystone._....-._- 8 pounds, %- to -inch | 30 pounds, % to %-inch 
crushed stone. crushed stone. 

Seal application___| 0.25 gallon of the same emul- | None. 
sion. 

pealicover sass se 17 pounds, %- to Y-inch | None. 


crushed stone. 











The treatment on this section was essentially the 
same as that on section 18, except that the seal coat 
was applied only to the left half. 

The priming coat had been down 8 days on the left 
half and 9 days on the right half when the surface 
treatment was applied. As on section 18, an insuffi- 
cient amount of emulsion was used on this section. 
The cover stone was poorly coated, and the applica- 
tion did not penetrate through to the tack coat. Karly 
loosening and raveling of the stone occurred under 
traffic. a 

The cost of the base was 32.7 cents per square yard 
or $3,834 per mile. The cost of the surface treatment 
was 26.9 cents per square yard or $3,160 per mile. 
The total cost was 59.61 cents per square yard or 
$6,994 per mile. 

Section 20.—A heavy surface treatment of asphaltic 
emulsion was applied. 














Tack coat applica- 
tion. 
Cover stone______- 


Penetration appli- 
cation. 
Key stO eae 


Seal application ___ 


bealicoveteercen.s= 





0.32 gallon of 50-60 slow-curing 


oil. 

0.15 gallon of 90-95 L3 asphal- 
tic emulsion. 

47 pounds, 34- to 
crushed stone. 

0.27 gallon of 90-95 L3 asphal- 
tic emulsion. 

16 pounds, %- to 
crushed stone. 

0.58 gallon of 90-95 L3 asphal- 
tic emulsion from stations 
185+-00 to 174+20 and 0.35 
gallon of the L2 grade on the 
remainder. 

16 pounds, %- to 
crushed stone. 


16-inch 


V-inch 


1¢-inch 





oil. 
0.17 gallon of 94+ L2 asphaltic 
emulsion. 
58 pounds, 34- 
crushed stone. 
0.27 gallon of 94+ L2 asphaltic 
emulsion. 

13 pounds, 1%4- to 
crushed stone. 

0.29 gallon of 94+ L2 asphaltic 
emulsion. 


to 4-inch 


14-inch 


13. pounds, %- to 
erushed stone. 


14-inch 








Left half 


Right half 





Tack coat applica- 
tion. 
Cover stone___---- 


Choke stone_-_-_-_-- 
Penetration appli- 


cation. 
TO VSTOn Osea 





O37 paige of 50-60 slow-curing 

oil. 

0.26 gallon of asphaltic emul- 
sion (standard). 

44 pounds, 34- to 14-inch crushed 
stone. 

11 pounds, -%- to 14-inch 
crushed stone. 

0.35 gallon of the same emul- 
sion. 

21 pounds, %- to -inch 
crushed stone. 





be eeton of 50-60 slow-curing 
oil. 
0.25 gallon of asphaltic emulsion 


(standard). 

44 pounds, 34-to 44-inch crushed 
stone. 

10 pounds, %- to 46-inch 


crushed stone. 

0.37 gallon of the same emul- 
sion. 

25 pounds, %- to -inch 
crushed stone. 








The prime coat had been down on the left side 8 days 
and on the right side 9 days before the surface treat- 
ment was applied. Holes and raveling which had de- 
veloped during this time were repaired before applying 
the surface treatment. ; 

The change in the grade of emulsion for the seal on 
the left side was made because of a shortage of L3 
material. The emulsion was heated at the plant to 
about 140° F. in order to facilitate handling and 
spreading. The penetration application did not pene- 
trate through the cover stone to meet the tack coat 
and, as a result, the stone was only partly coated. 
Failure from insufficient bituminous material was indi- 
cated by the large amount of raveling which occurred 
before the application of the seal treatment. Although 
the surface was considerably strengthened by the seal 
coat, failures by raveling continued to develop on 
many areas. 

The cost of the base was 32.2 cents per square yard 
or $3,781 per mile. The cost of the surface treatment 
was 34.5 cents per square yard or $4,050 per mile. 
The total cost was 66.74 cents per square yard or 
$7,831 per mile. 

Section 19.—A heavy surface treatment of asphaltic 
emulsion was applied. 





The section differs from sections 18 and 19 in that a 
different asphaltic emulsion was used and also that a 
choke stone cover was added before the penetration 
application. No seal treatment was used. 

It was apparent during the construction that the 
amount of emulsion used was insufficient to fully 
penetrate and coat the heavy stone cover. The use of a 
choke stone further increased the deficiency of asphalt. 
A similar deficiency had been apparent on sections 18 
and 19 but additional stone cover was not used on 
those sections. Excessive raveling occurred in the 
surface shortly after construction and it was soon 
apparent that this section would not prove entirely 
satisfactory. 

The cost of the base was 31.3 cents per square yard 
and $3,674 per mile. The cost of the surface treatment, 
including the cost of the emulsion, was 27.2 cents per 
square yard or $3,196 per mile. The total cost was 
58.55 cents per square yard or $6,870 per mile. 

Section 21.—A heavy surface treatment of asphaltic 
emulsion was applied. 

The method of construction was similar to that on 
section 20, except that a seal treatment was applied. 
As was the case in all the experiments with emulsions 
the stone was poorly coated due to the use of an 
insufficient amount of bituminous material. The sur- 
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face showed early indications of weakness and failure 
from this cause. 








Left half Right half 

pecs ee eee a apa of 50-60 slow-curing os come of 50-60 slow-curing 
oil. oil. 

SACK COAG dae cecna 0.19 gallon of asphaltic emul- | 0.19 gallon of asphaltic emul- 
sion (standard). sion (standard). 

Cover stone_-______ 45 pounds, 34- to 14-inch crush- | 44 pounds, 34- to 14-inch crush- 
ed stone. ed stone. 

Choke stone_--.-_- 8 pounds, 14- to 14-inch crush- | 7 pounds, 4%- to 14-inch crush- 
ed stone. ed stone. 

Penetration appli- | 0.39 gallon of the same emul- | 0.38 gallon of the same emul- 

cation. sion. sion. 

Keystone..-.------ 26 pounds, %- to 4- inch | 24 pounds, %- to 44-inch crush- 
crushed stone. ed stone. 

Seal application___| 0.20 gallon of the same emul- | 0.18 gallon of the same emul- 
sion. sion. 

Seal cover.-_-.----- 11 pounds, 14- to 44-inch gravel_| 11 pounds, 4- to 44-inch gravel. 


The cost of the base was 35.4 cents per square yard 
or $4,158 per mile. The cost of the surface treatment 
was 33 cents per square yard or $3,876 per mile. The 
total cost was 68.47 cents per square yard or $8,034 
per mile. 


PERFORMANCE OF SURFACE-TREATED SECTIONS NOT 
SATISFACTORY 

The behavior of the surface-treated sections was, in 
general, unsatisfactory. In the spring following con- 
struction, extensive failures had occurred. 

Except on section 21 which was discontinued as an 
experiment and rebuilt, these failures were repaired 
during the early summer. In the fall a light surface 
treatment was added to sections 18, 19, and 20. This 
treatment consisted of applying one-quarter gallon of 
emulsion, of the type and grade used on the original 
construction, covering with screenings at the rate of 
about 25 pounds per square yard and rolling. 

Following this maintenance work in the fall of 1931 
all the sections appeared in good condition. However, 
failures occurred again during the winter of 1931-32 





to such an extent that it was decided to discontinue 
all the surface-treatment experiments. 
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Although other factors, particularly the subgrade 
conditions and the operation of heavy equipment for 
snow removal, seriously affected the behavior of the 
sections, an important cause of early failure was insuf- 
ficient bituminous material. 

As shown in table 8, all of the surface-treatment 
experiments except section 15 and the left half of section 
16 were greatly deficient in bituminous material. 
Because of the low specific gravity of the cover stone, 
which weighed only 1,970 pounds per cubic yard, this 
deficiency was actually ¢ greater than the quantities used 
might indicate. Table 8 gives the percentages by weight 
of bitumen which would have resulted had the same 
volume of asphaltic material been used with the same 
weight of aggregate but weighing 2,700 pounds per 
cubic yard. 

Experience has shown that surface-treated wearing 
surfaces require approximately 0.1 gallon of bitumen 
for each 10 pounds of cover, particularly where the 
subgrade is poor. It is believed that had these sections 
been built with quantities conforming more closely to 
this rule the surfaces would have been better bonded 
and more plastic and would therefore have been more 
satisfactory, particularly for the conditions which 
prevailed on this project. 

Considering the character of the subgrade, the un- 
favorable drainage during the early spring months and 
the use of very heavy snow-removal equipment, it is 
evident that the conditions were unfavorable for any 
type of thin surface treatment, and were particularly so 
for the lean surface treatments used on this project. 


CONSTRUCTION COST DETAILS GIVEN 


Due to the experimental nature of the project and to 
the short sections built, the actual costs of the different 
surfaces are excessively high and would no doubt be 
considerably reduced in the construction of an appre- 
ciable mileage of any one type. Table 9 gives details 
of costs by sections and the following tabulation gives 


TABLE 8.—Quantity of bitumen and stone cover used on each of the surface treatments and conclusions as to the sufficiency of bitumen 
based on construction and early service behavior 





Bituminous material 





Cover stone used 
for each 0.1 gal- {Calculated bitumen 
lon of bitumen 





Based on With the Based on | Adequacy of amount 








. Stone Stone as | equal equal of bitumen used 
Section and lane Gallons cover Seal used j|volume of ae volume based on behavior 
er weighing | stone weighing of stone of the surfaces 
Types & P ae 1,970 | weighing | © } ‘979 ~ | weighing 
eee} pounds | 2,700 eek a ee ai 
no per cubic | pounds a cubic | Pounds 
yard per cubic Dp ard per cubic 
yard y yard 
Pounds Percent- | Percent- 
per square age by age by 
yard ‘ Pounds | Pounds weight weight Pe 
My ight 222227 227277]}350-200 asphalt, hot_.......----------- Meal Min oeeeanbe si | ip ea) el etl ot bo. 
1 ht a2 22272722777)}94+ asphaltic oil, hot.......-.--------- hair gras athe 3 TEN), lakes ie tral fieiy seein 
TO selte eect ee ew case Al 69 63\eA Dpliedmassese= see 9 12 8.4 6.1 _ Do. : 
Rich tees 2 eae \ se Sar ete aoe ae aaa . 59 Ry Sake: gears sts 13 18 5.9 4 3 Slightly deficient. 
. Aca PT aes Oe 1 21 5. f eficient. 
eet a2 22222277|}AsPhalt cut back with naphtha ...-|{* gy ny eae eS 13 io oeiie lab ta 7 |plightty dediélent. 
jC IB Mts See Sane eee ACHE 9) laos ole ps tS ae 19 26 4.4 3.2 | Greatly deficient. 
SOLE aa ease ee oe ps eakod le (Vs Wer Re ee ae 1.00 (ie ee 0 ee 14 19 5.6 4.1 | Deficient. 
Rigntsoe es eee 13 B4 eee (ile ee a eee 21 29 3.9 2.8 | Greatly deficient. 
aC! | Os) (es ee \ do3 . 69 23\2oee ie forties, ae ts aa 19 26 4.3 3.1 Do. 
Bightee eee eM fanaa Dee S54 ee ea ee 55 THINK eee ee 25 34 3:2 2:3 Do. 
ORES Jot See eee oe oe do 3 { -61 (1a) em COs 3 eae 22 30 3.6 2.6 Do. 
Rights see eee ee ee fea phair ieee a at Fam eae ata a 62 Toy eee Sto 23 32 3.5 2.5 Do. 
Sie Olt oe ee eee ae \ do3 { 78 00 | Applied22 21 29 3.9 2.8 Do. 
SSA Cd gap eee pe A |G eek laa ical eth rate eae taded 75 86 15 2e* co fot ae 2c hee 21 29 3.9 2.8 Do. 














1 In the calculation, emulsion was assumed to contain 56 percent of bitumen and the naphtha cut-back 80-percent residual bitumen. 


2 Stations 185 to 200+-60. 
% Stations 174+20 to 185. 











TABLE 9.—Cost of construction and maintenance of the experimental sections 
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Cost of construction 
Sections Date constructed October | January 
“ Per | Dotal to | i939 to | 1931 to 
square | Per mile} October January | April 
yard 1930 1931 1931 
Cents Dollars 
1 A eae oe September 1929__-- 46. 5, 507 ‘ents Cents Cents 
d 51.18 6; O05 ce eens a eee et ee ees 
58. 57 6, 872 
66. 50 4g BUS ae ot eas (ot aon ec pee aoraene! 
69. 68 8, 175 0:28 [Lee ee een acne 
44, 57 Dy 2200|| Mee ROlulao aces o eae eee eee 
52. 03 6; 108 ee fe a es Seas coe 
47.17 OOS4 Wea. ee |e Sees 
47.82 6, 611. cet Se elie oleae 
59. 55 6, 987 13. 29 @).e Bisse ees 
50. 81 6,962" |= as eek |e een oes | See eeee 
71.19 £2 IR 10 | Pe a PME EO che oot 
64, 46 37, 563 1 8 a ee 0. 06 
64. 62 37, 582 1.33) |Rawseoweae tes eeaeese 
67. 29 87, 895 51932 ee a te eee 
74. 10 8,694. |e ee eae eee 32 
46. 68 Pe Yi hd Bane eg a ee 7 11 
61, 87 U.209 Nee cee. 0. 05 67 
71. 33 8,369) 2220 ee ee eee - 08 
66. 74 iat ly ae ee a 32 ~ 45 
59. 61 6, 994 ake) - 03 22 
58. 55 6, 870 Mad besa ae ee - 24 
68. 47 S034 3) eee acces 1.10 1.45 








1 Experiment retreated in part only; cost prorated over entire experiment. 
2 Surface failed and experiment discontinued. 

3 Includes seal applied in 1930 to complete construction. 

$ Maintenance cost not reported. 


the average unit cost of some of the more important 
items entering into the construction of the experimental 
sections: 


Local stone at crushing plant: Per cubic yard 
4 inchstosdustss- ss a ees ee ee $1. 19 


TOSS ANC 20 oe See ae eee et ee ee ae 2. 46 

PTO YO TAC Sse ee ee en a eee rea eer ee 1. 44 

Ve GO: ye RCH ae eee ee re ce ee eS . 99 
Other aggregates, f. o. b. destination: 

Crushed gravel, inch to dust, per cubic yard______- $2. 78 

Fine sand filler (muck sand), per ton___._._._-_-_--_ 2. 25 


Up to the time of the inspection in 1932 the eight sur- 
face-treated sections had required complete reconstruc- 
tion. The three road-mix sections on which emulsions 
were used had received extensive repairs where subgrade 
failures had occurred. The road-mix section with 70-80 
oil and open-graded aggregate had been reconstructed 
by extensive foundation repairs and by reworking the 
surface with the addition of fines. The remaining nine 
sections, all of the road-mix type, had required some 
repairs due primarily to base failures but were generally 
in good condition. 

Later inspection of the experimental sections in 1934, 
5 years after construction, showed that all of the road- 
mix sections were in serviceable condition. No exten- 
sive maintenance or reconstruction had been required 
except over certain areas where poor subgrade and 
drainage existed. A seal coat of hot oil had been applied 
to portions of sections 1, 3, 4, 5, and 7 and to all of 
sections 11, 12, and 13. 


RESULTS OF INVESTIGATION SUMMARIZED 


A summary of the more important results follows: 

1. Portions of the oil-mix sections were affected by 
capillary moisture which resulted in the surface 
becoming soft and unstable. 

2. The effect of moisture on the road-mix sections 
with slow-curing oils was greatest with the rich mixes 
and on areas where the drainage was not satisfactory, 
as well as on subgrades having high capillarity. 

3. The road-mix surfaces containing emulsion and 
cut-back asphalt did not lose stability or develop soft 
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Cost. per square yard of maintaining bituminous surfaces 


Annual 
cost per 
April July October | January | April July October | mile of 
1931 to 1931 to 1931 to 1932 to 1932 to 1932 to 1932 to | mainte- 
July October | January} April July October July nance 
1931 1931 19382 1932 1932 1932 1933 
Cents Cents Cents Cents Cents Cents Cents Dollars 
HY eee bas 0, 72 Q, 22 0. 19 0. 36 13.41 None 
.61 None 51 
1 5, 42 None 204 
11,82 None 145 
12. 45 None 117 
. 50 None 42 
1. 43 None 73 
ale Mae as OF pee ee a 28 ee re fee ere ae | ees ee | oe ll 
NS auroeealnoas eon 38 
(4) @) . |-ecs8 eee 
(4) ({) (|222-ceeees 
(4) (4) |2-22225228 








areas from the action of moisture as did several of the 
oil-mix sections. 

4. The action of moisture seemed to be more severe 
on the oil and gravel mixes than on the oil and crushed 
stone mixes. 

5. The excellent behavior of a lean oil mix with a 
light surface treatment of heavy asphaltic oil and stone 
chips suggests possible advantages of this type over 
the richer and unsealed oil mixes, particularly where 
moisture conditions are unfavorable. 

6. Satisfactory repair of those portions of the oil-mix 
surfaces which softened was obtained by scarifying and 
remixing. 

7. Slow-curmg or medium-curing bituminous mate- 
rials should be used for road-mix construction with 
ageregates of the dense-graded type, while the more 
rapid-curing materials are best adapted to aggregates 
of the more open type (those containing less than 5 
percent of material passing the no. 200 sieve). 

8. The results of these experiments indicate that 
several of the formulas now in use are satisfactory for 
determining the amount of bituminous material re- 
quired as binder in road-mix construction with the 
lighter slow-curing oils and close-graded aggregates. 

9. For the very heavy slow-curing oils and the cut- 
backs and emulsions which develop heavy asphaltic 
residues in the road surface, somewhat greater quanti- 
ties than those indicated by the formulas may be used 
to advantage. 

10. Early failure of the road-mix sections occurred 
generally where unsatisfactory subgrade conditions 
existed. In the case of the unsealed portions of the 
road-mixes containing emulsions, failure was hastened 
by the open and porous condition of the mix. 

11. Early failure of the treated surfaces was due to 
the unsatisfactory subgrade and the use of an insuffi- 
client amount of bituminous material which resulted in 
surfaces which were highly friable and poorly bonded. 
Because of the dust content and low specific gravity of 
the stone cover, the deficiency in bitumionus material 
was greater than the quantities indicate when ex- 
pressed by weight. 
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